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APPARATUS AND METHOD FOR
CONTINUOUS DEPYROGENATION AND
PRODUCTION OF STERILE WATER FOR

INJECTION

PRIORITY CLAIM

This non-provisional application claims priority from

United States Provisional Patent Application Ser. No.
60/395,377 filed on Jul. 12, 2002.

The U.S. Government has a paid-up license 1n this inven-
tion and the right, in limited circumstances, to prepare the
patent owner to license others on reasonable terms as
provided for by the terms of contracts N0O0014-99-M-0254
and N00014-01-C-0101 awarded by the Odilice of Naval
Research, United States Navy.

FIELD OF THE INVENTION

This invention generally relates to fluid processors, more
particularly to a fluid processor having a process control
system that uses an improved apparatus and method for
process control and which 1s suitable for the depyrogenation
and production of sterile water for 1njection using a hydro-
thermal process.

BACKGROUND ART

Sterile water for mjection (SWFI) 1s an essential compo-
nent in reconstituting freeze-dried blood products and 1n the
preparation ol “parenteral solutions™ (1.e., solutions intro-
duced into the human body such as mtravenous fluids). The
production of SWFI 1s a significant problem for medical
personnel operating under field conditions such as 1n combat
or during disaster relief operations. The solution of this
problem requires a compact, reliable, and automatic system
that can continuously produce SWFI from available water
sources under field conditions. For example, an efflicient and
compact fluid processor 1s essential to meet the field deploy-
ment requirements for a system to produce SWFI as set forth
in the Umnited States Navy’s requirements for a SWEFI
generator. See, RFP Navy STTR N99-T008. Such a fluid
processor should also incorporate a heat sterilization opera-
tion as the final processing step as preferred by the United
States Food and Drug Administration (“FDA”). See, Inspec-
tors Technical Reference No. 40, FDA (1985). This thermal
treatment feature would have a positive impact on obtaining,
FDA approval of such a device. In addition, such a system
must be easy to maintain and operate, and have low energy
requirements for operation.

In order to meet regulatory requirements, (see, United
States Pharmacopoeia XXIV) SWFI must be sterile (1.e.,
free of all living micro-organisms) and free of particulate
matter, oxidizable substances, dissolved gases, metals and
clectrolytes. In addition, SWFI must be rendered free of
pyrogens (“depyrogenated”). Also known as bacterial endot-
oxins, pyrogens are metabolic products of living micro-
organisms or dead micro-organisms. Chemically, pyrogens
are lipopolysaccharides (“LPS”). The term “pyrogen” (i.e.,
tever-producing agent) i1s derived from the fact that 1f a
parenteral product containing pyrogens 1s injected into a
patient, a rapid rise 1n body temperature occurs after a latent
period of about one hour, followed by chills, headache, and
malaise. Pyrogens lose little of their potency over the years
and eflective depyrogenation requires high temperatures and
long holding times.
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Sterilization and depyrogenation of water can be accom-
plished by physical methods (e.g., heat), chemical agents
(e.g., ethylene oxide, formaldehyde, alcohol, and ozone),
radiation (e.g., ultraviolet radiation) or mechanical methods
(e.g., filtration). Present systems for manufacturing SWEFI
generally employ distillation or reverse osmosis (“RO”)
methods for depyrogenation in combination with additional
treatment steps, typically involving active carbon filters,
deionizers, and ultrafiltration filters. However, distillation
and RO systems only separate pyrogens from water. Pyro-
gen residues remain in these systems 1n the form of distil-
lation still residue or reverse osmosis retentate. Thus, these
systems must be continually or periodically purged 1n order
to remove these pyrogen residues. This requirement makes
these systems unsuitable for use under field conditions.
These systems also have other disadvantages that make them
unsuitable for use 1n the field.

Distillation systems are generally highly energy intensive
and require a number of system components such as heat
exchangers, evaporators, condensers, and vapor compres-
sors. These components are either bulky or diflicult to use or
maintain 1n the field. Also, recuperating thermal energy 1s
the most critical factor in a practical distillation system.
Consequently, distillation systems generally use vapor com-
pression and plate-and-frame heat exchangers since this
combination 1s eflective in improving the thermal efliciency
of conventional distillation processes. However, plate-and-
frame heat exchangers do not comply with the heat
exchanger design guidelines established by the FDA for
continuous production of SWFI. See, Inspectors Technical
Guide No. 34, FDA (1979). Therefore, the product water
produced using heat exchangers other than those recom-
mended by FDA must be collected and batch validated
before use. See, Inspectors Technical Guide No. 34, FDA
(1979).

As for RO systems, these require periodic changing of the
filters 1n order to remain effective. Moreover, RO filters are
not entirely satisfactory. In particular, RO systems lack a
final heat sterilization capability that 1s currently required for
approval by the FDA. Generally, RO systems are water for
injection (“WFI”) systems that operate at ambient tempera-
tures. Such relatively low temperature systems present a
problem because many objectionable micro-organisms that
are good sources of endotoxins grow well 1n cold WEFI. See,
Inspectors Technical Guide No. 40, FDA (1985). Thus, to
prevent microbial growth WEFI 1s usually produced i a
continuously circulating system maintained at an elevated
temperature that must be at least 80° C. to be considered as
acceptable. See, Inspectors Technical Guide No. 46, FDA
(1986). Other RO systems require the use of special filters.
For example, U.S. Pat. No. 4,810,388 to Trasen and U.S. Pat.
No. 5,032,265 to Jha, et al. both disclose depyrogenating
water using RO and then passing the water through a
sterilizing filter instead of using heat 1n order to sterilize the
water. Current practice in the U.S. to produce SWFI by the
RO method requires a two-stage RO separation process (in
series) followed by ultra-violet (“UV”) sterilization. The
foregoing limitations make RO systems unsuitable for a
SWEFI production system to be used 1n the field.

Other depyrogenation methods require adding substances
(1.e., “depyrogenating agents”) to water 1n order to depyro-
genate the water. However, these depyrogenating agents
have to be removed from the water after completion of the
depyrogenation process. This makes this method more com-
plicated and not easy to use 1n the field. For example, U.S.
Pat. No. 4,935,130 to Iida, et al. discloses adding calcium

salt to water to remove pyrogens and then later removing the
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resulting precipitate. U.S. Pat. No. 4,648,978 to Makinen, et
al. discloses depyrogenating water by adding an oxidant
selected from the group consisting of hydrogen peroxide and
ozone and heating the solution. The resulting solution
requires further processing to remove the oxidant.

Another method of depyrogenation involves passing
water through matenials that adsorb pyrogens. See, for
example, U.S. Pat. No. 5,498,409 to Hirayama, et al. and
U.S. Pat. No. 5,166,123 to Agui, et al. However, this method
has the same disadvantage as apparatus that use distillation
and RO methods 1n that the use of adsorbents only separates
pyrogens from water. The concentrated pyrogen (hereafter,
“1solated pyrogen™) that has adhered to the adsorbents still
has to be disposed, purged, or destroyed (i.e., chemically
altered or degraded to permanently lose their potency as
pyrogens).

Pyrogens 1n water can also be destroyed by subjecting the
water to high temperature under pressure. This method of
water treatment 1s called hydrothermal processing (“HTP”).
U.S. Pat. No. 4,070,289 to Akcasu discloses a method of
depyrogenation by heating water 1n a sealed, pressurized
container. However, Akcasu does not allow for the continu-
ous production of depyrogenated water. At most, the process
disclosed 1 Akcasu can be operated as a “semi-batch
process”. That 1s, two containers are operated in parallel
wherein external cooling water flows between the two
containers in series, cooling down the treated water 1n the
first container and subsequently pre-heating the water to be
treated 1in the next container. In addition to being unable to
continuously produce depyrogenated water, the foregoing
configuration of containers results 1n a fluid processor that 1s
bulky and not suitable for use in the field. U.S. Pat. No.
6,167,951 to Couch et al. discloses a depyrogenation process
involving heating water followed by catalytic wet air oxi-
dation. However, the heating step requires a specially
designed heat exchanger rather than a standard heat
exchanger. This makes the process more complicated and
expensive. Further, the oxidizing step requires exposing the
heated water to a wet oxidation catalyst in a reactor with
suilicient air or oxygen. However, contacting water with the
catalyst could result 1n the dissolution of certain components
of the catalyst into the water being processed, and hence
increasing the risk of contaminating the resulting product
water. This 1s of particular concern 1f the intention 1s to
produce SWFI. Furthermore, the wet air oxidation process
requires high-pressure air or oxygen that must be generated
by a compressor or other similar source. This would increase
the complexity of an SWFI production system to be used in
the field.

There are other depyrogenation methods 1mvolving high-
temperature processing steps. However, these require addi-
tional treatment of the heated water 1n order to remove
pyrogens. For instance, U.S. Pat. No. 6,485,649 to Tereva, et
al. discloses a process involving sterilization of water by
heating water and the passing the heated water through a
thermally stable filter to remove pyrogens. Such apparatus
are not satistactory for field use since they require multiple
steps to depyrogenate water or require frequent changing of
filters to ensure depyrogenation. This makes them more
complicated and dithicult to maintain 1n the field.

Apparatus used for producing SWFI must also be sani-
tized on startup to eliminate any micro-organisms that may
have developed 1n the apparatus during storage. These
apparatus must also be properly shut down and sealed after
use 1n order to prevent contamination and the growth of
micro-orgamsms during storage. Steam and dry heat are
widely used means of for sterilizing SWFI equipment.
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Generally, present systems for producing SWEFI require
disassembly and sanitization of the individual components
to ensure proper sanitization. This makes 1t difhicult to use
these apparatus under field conditions where proper sanitiz-
ing equipment or facilities are not readily available.

The processing of fluids (e.g., depyrogenating water) also
requires a process control system. This 1s because any
chemical or physical process, particularly the ones used 1n
the field, 1s 1deally operated 1n a convergingly stable domain
such that minimum operator intervention 1s required. The
stability of a flmd process 1s commonly characterized by
four basic variables: temperature, pressure, tlow rate, and
level of the fluid being processed. In general, the critical
process parameters for a high-pressure fluid processor are
pressure, flow rate and temperature.

Current process control systems fall into two categories.
In the first category are process control systems such as the
system shown 1n FIG. I which are precise, but which require
claborate and complex sensors 10 and control valves 12, 14.
The final control element for flow rate and pressure 1is
generally an automatic control valve 14 having a throttling
action operated electrically or pneumatically 1n response to
readings from a sensor 10. Automatic control valves are
relatively bulky, complex, and prone to mechanical failure.
Thus, a system equipped with automatic control valves 1s not
compact, robust, simple to operate or maintain. In the second
category are process control systems that use simple mecha-
nisms but which are not precise or reliable and which require
frequent adjustment. For example, FIG. 2 shows a simple
pressure-control system that does not have pressure sensor
feedback and which uses a pressure-relief valve 16 (typi-
cally a spring-loaded type) 1n place of an automatic control
valve. This system often shows pressure tluctuation and/or
drifting, and requires frequent adjustment of the pressure
relief valve.

In order to overcome the disadvantages of the prior art, it
1s the principal object of the present invention to provide an
apparatus and related method for hydrothermal production
of SWFI that 1s compact, reliable, easy to maintain and
operate and which has low energy requirements. In particu-
lar, 1t 1s a specific object to obtain an SWFI fluid processor
having a reliable, sitmple and compact process control sys-
tem that 1s suitable for the continuous depyrogenation and
production of SWFI using HTP without producing 1solated
pyrogen or requiring additional steps for depyrogenation. It
1s the further object to obtain an SWFI fluid processor that
has built-in features and simple procedures for both sanitiz-
ing the system during a cold start, and for maintaining
system sterility during shutdown, storage, and restart.

SUMMARY OF THE INVENTION

The present invention encompasses a fluid processor
comprising a pump for drawing a fluid from a flmd source
through a fluid let and pressurizing the fluid, a processor
assembly for processing the fluid, and a process control
system. The process control system has a flow splitter for
diverting a portion of the fluid from the pump in order to
form a recirculating loop, a first flow restrictor for receiving
the fluid diverted by fluid splitter and directing the diverted
fluid to the fluid 1nlet, a pressure relief valve disposed along
the recirculating loop, and a second tlow restrictor disposed
downstream of the processor assembly to provide a back-
pressure to the fluid 1n the flmd processor. The flow splitter,
first flow restrictor, the second tlow restrictor and the pres-
sure relief valve are constructed and arranged to coact with
cach other so as to control the pressure and flow rate of the
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fluid 1 the fluid processor. The invention also includes a
method for controlling the flmd processor. The method
comprises drawing a fluid from a fluid source through a flmd
inlet, pressurizing the fluid, diverting a portion of the
pressurized fluid back to the fluid inlet to form a recirculat-
ing loop, controlling the flow rate and pressure of the fluid
in the recirculating loop using a first flow restrictor and a
pressure reliel valve, and applying a backpressure to the
fluid 1n the fluid processor using a second tlow restrictor.

The present invention further includes a treatment assem-
bly having a combination of a filter and other devices such
as reverse osmosis and 1on exchange devices. The treatment
assembly removes suspended and dissolved solids (e.g.,
particulate matter, oxidizable substances), dissolved gases,
metals and electrolytes from the fluid so that fouling 1n the
fluid processor can be minimized. The treatment assembly
also ensures that the resulting product of the fluid processor
meets regulatory standards for SWFI.

A further aspect of the mvention 1s an electronic control
system for controlling the fluid processor and make 1t
convenient for an untrained person to operate the fluid
processor. The electronic control system includes an opera-
tor interface that i1s connected to a programmable logic
controller (“PLC”). Interfaced with the PLC are a variety of
sensors used for feedback (e.g., temperature control) or the
monitoring of various factors (e.g., pressure, tlow rate,
conductivity, endotoxin levels) in the fluid processor.

In a preferred form of the invention, the processor assem-
bly comprises a coil-shaped heat exchanger, a reactor, and a
heater wherein the reactor and heater are nested within the
heat exchanger to form a compact structure. As used herein,
the term “nested within the heat exchanger” means disposed
or located within the volume bounded by the coil or coils of
a coil-shaped heat exchanger. The heat exchanger is prefer-
ably a tube-in-tube (also called “double-pipe”) type com-
prising an mner tube and an outer tube. An alternative heat
exchanger 1s a shell-and-tube type comprising multiple inner
tubes arranged within an outer tube or “shell”. The term
“annular side” refers to the annular section or space between
the inner tube and the outer tube 1n a tube-in-tube type heat
exchanger while the term “shell side” refers to the space
between the inner tubes and the shell 1n a shell-and-tube type
heat exchanger. For the sake of simplicity and unless oth-
erwise specified, the term “circumvallate side” 1s used herein
to refer to annular side or the shell side of a heat exchanger
as the case may be, 1.e. depending on which type of heat
exchanger 1s being referred to. The term “tube side” refers
to the mside section of the inner tube 1n a tube-in-tube heat
exchanger, or the inside section of the inner tubes 1n a
shell-and-tube heat exchanger.

As explained 1n more detail below, the fluid to be pro-
cessed (“process fluid”) 1s fed into the circumvallate side
(1.e., the annular or shell side) of the heat exchanger. The
fluid then goes into the reactor for processing by heating or
cooling as the case may be. The processed fluid (i.e.,
“product flmd” or “product™) from the reactor 1s fed back
into the heat exchanger through the tube side. The nested
configuration of the processor assembly allows the fluid
processor to be compact and portable. Further, the nested
configuration of the processor assembly requires only a
mimmum amount of energy to change the temperature of a
fluid continuously flowing through the heat exchanger and
reactor. The nested configuration also reduces the loss of
heat to the ambient.

The preterred form of the invention further incorporates a
sanitization assembly and method that allows for 1n situ
sanitization of the fluid processor during cold start and also
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for 1 situ sanitization during shutdown so as to prevent the
growth ol bacteria or other micro-orgamisms 1n the fluid
processor during storage. The sanitization assembly com-
prises an 1solation valve for isolating the system from the
fluid source, a dramn valve, and a startup loop assembly
comprising a startup flow restrictor and a four-way valve
having a startup position for directing the fluid from the fluid
source directly to the reactor and a normal position for
directing tluid from the pump to the heat exchanger.

The method for sanitizing during startup comprises con-
necting the fluid processor to a suitable fluid source (e.g., tap
water) having a minimum line pressure of not less than about
10 psia and not greater than about 800 psia, switching the
four-way valve to 1ts start-up position, opening the 1solation
valve, mntroducing the fluid into the fluid processor at the line
pressure, switching on the heater, vaporizing the fluid as 1t
enters the heated reactor, allowing the steam generated to go
downstream from the reactor and exit at the fluid outlet, and
switching the four-way valve to 1ts normal position.

The method for sanitizing at shutdown comprises turning
ol the pump and heater, closing the 1solation valve, allowing
the residual heat of the reactor to produce steam from the
residual tluid 1n the processor assembly to create a pressure
in the processor assembly, allowing the residual fluid down-
stream of the processor assembly to be expelled through the
fluid outlet by the steam pressure, opening the drain valve to
discharge residual fluid upstream of the processor assembly,
and closing the drain valve. After samitization, the fluid
processor can be stored under wet or dry conditions. The wet
storage condition 1s achieved by attaching a container (e.g.,
a bag or syringe) containing a sterile solution (e.g., alcohol
or SWFI) to the fluid outlet. As the fluid processor cools
down a vacuum 1s generated within the cavities of the
reactor and heat exchanger. As a result, the solution 1n the
container 1s drawn into the fluid processor. By filling the
cavities, the sterile solution serves as a sealant to keep the
fluid processor sterile during storage. In the dry storage
condition, a filter designed to prevent contaminants from
passing through (e.g., a High-Efliciency Particulate Air or
HEPA ﬁlter) 1s attached onto the tluid outlet. As the system
cools, air enters the system through the filter. The bag of
sterile solution or the filter 1s left on the fluid outlet while the
fluid processor 1s stored away until the next use.

A specific application for the present invention 1s the
production of SWFI by HTP. Feed water (i.e., water to be
processed mto SWEFI) 1s introduced into the fluid processor
and passed through the treatment assembly to remove par-
ticulate matter, oxidizable substances, dissolved gases, met-
als and electrolytes. The feed water then goes to the pro-
cessor assembly for depyrogenation and sterilization by
exposing the treated feed water to a high temperature for a
prescribed amount of time. The process control system has
built-in features to maintain the feed water at a suil

icient
pressure to prevent 1t from boiling, and to allow adequate
retention times of the fluid 1n the reactor for a pre-deter-
mined operating temperature. The feed water that has been
processed (1.e., SWFI) 1s then sent to the fluid outlet for
collection.

The advantage of the present invention over the prior art
1s that the use of a combination of simple devices (e.g., tlow
restrictors, a pressure reliel valve) produces a simple yet
dependable process control system that obviates the need for
expensive, bulky and complex sensors and valves. This
allows the fluid processor to be compact but still reliable and
cllective. Also, the present invention allows for the continu-
ous production of depyrogenated water rather than produc-

tion by batches or semi-batches. Further, the present inven-
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tion makes depyrogenation simpler and easier since HTP
treatment does not leave any 1solated pyrogen that would
otherwise require periodic purging to remove. In addition,
the present invention allows for depyrogenation at a high
temperature. This results in a shorter contact time for
depyrogenation and also simultaneously sterilizes the water.
This eliminates the need for a separate sterilization stage
such as passing water through sterilization filters. Moreover,
high-temperature treatment 1s more reliable and eflective
than other approaches and 1s the sterilization method pre-
terred by the FDA.

The fluid processor of the present invention 1s a compact,
reliable, automated device having reduced energy require-
ments. It 1s designed to be easily deployable to remote
locations where simplicity of operation, reliability, space,
and energy requirements are critical for the continuous
SWEI production from water. In addition, while the pre-
terred embodiment of the present invention 1s directed to a
fluid processor suitable for depyrogenation and the produc-
tion of SWFI, the apparatus and method of the present
invention may also find a broad range of applications 1n
systems that have processing requirements similar to those
of an SWFI flmd processor. Other objects, features, and
advantages of the present mvention will become apparent
from the following detailed description of the best mode of
practicing the invention when considered with reference to
the drawings as follows:

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a block diagram of a complex process control
system of the prior art;

FIG. 2 1s a block diagram of a simple process control
system of the prior art;

FIG. 3 1s a block diagram of a fluid processor embodying
teatures of the present invention;

FI1G. 4 15 a block diagram of a processor assembly for use
with the fluid processor of FIG. 3;

FIG. 5A 15 an exploded perspective view of the processor
assembly of a fluud processor embodying features of the
present mvention;

FIG. 5B 1s an exploded perspective view of a temperature
homogenizer for use with the processor assembly of FIG.
SA;

FIG. 5C 1s a plan view of a heat exchanger assembly for
use with the processor assembly of FIG. 5A;

FIG. 5D 1s plan view of another version of the heat
exchanger assembly for use with the processor assembly of

FIG. SA;

FIG. 6A 1s an exploded perspective view of another
version of the processor assembly of a fluid processor
embodying features of the present imnvention;

FIG. 6B 1s a top plan view of the processor assembly of
FIG. 6A;

FIG. 7 1s an exploded perspective view of a heater-reactor
assembly for use with the processor assembly of FIG. 6A;

FIG. 8A 1s a partial sectional plan side view of another
version of the processor assembly of a fluid processor
embodying features of the present imnvention;

FIG. 8B 15 a top view of the processor assembly of FIG.
SA:

FIG. 8C 1s a sectional side plan view of the processor
assembly of FIG. 8A;

FI1G. 9 15 a sectional plan side view of a further version of
the processor assembly of a fluid processor embodying
teatures of the present invention;
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FIG. 10A 1s a block diagram showing the process oper-
ating conditions for cold start-up of a flmd processor
embodying features of the present imnvention;

FIG. 10B 1s a block diagram showing the process oper-
ating conditions for normal operation of the fluid processor
of FIG. 10A;

FIG. 11A 1s a block diagram showing the process oper-
ating conditions for shutdown of a fluid processor embody-
ing features of the present ivention;

FIG. 11B 1s block diagram of the fluid processor of FIG.
11A 1n storage condition;

FIGS. 12A to 12F are block diagrams showing different
versions of a treatment assembly of the processor assembly
embodying features of the present mnvention; and

FIG. 13 15 a block diagram of an electronic control system
of a fluud processor embodying features of the present
invention.

BEST MODE OF CARRYING OUT TH
INVENTION

(L]

The apparatus and method of the present mnvention obtain
a compact, reliable and easy to maintain and operate fluid
processor having a low energy requirement that 1s suitable
for depyrogenation and producing SWFI using HTP. A fluid
processor 1n accordance with one embodiment of the present
invention comprises a pump, a processor assembly, and a
process control system comprising a tflow splitter, a first and
second flow restrictor, and a pressure relief valve. The
process control system controls a fluid process by regulating
the flow rate and pressure of the flmmd within the fluid
processor. Conduits (e.g., seamless tubing of stainless steel
or other suitable alloys) transport the fluid between the
different parts of the fluid processor. Brackets, clips or other
devices commonly used 1n the industry hold components of
the fluid processor 1n place.

The fluid processor 1s assembled from matenals rated for
the required temperature and pressure of the tluid process
taking place 1n the flmd processor. The components of the
fluid processor are joined together by means generally used
for assembling fluid processors (e.g., welds, compression
fittings ). If the fluid processor 1s used for the production of
SWEFI, all components of the fluid processor must meet the
sanitary standards required for SWFI production. However,
it should be understood that the principles of the present
invention may be used for other applications besides SWFI
production and may be used to process fluids other than
water or may be used to control fluid processes other than
HTP.

Referring to FIG. 3, which illustrates a preferred embodi-
ment of the present invention, the fluid processor generally
comprises a pump 24, a processor assembly 20 and a process
control system 22. The arrows show the flow of the fluid
within the fluid processor. The pump 24 draws the fluid from
a fluid source 34 through a fluid mlet 23 (e.g., a pump feed
line), pressurizes the fluid, and send this pressurized fluid
downstream towards the processor assembly 20. The pres-
sure of the fluid source may range from about O psig to about
100 psig. The pump 24 raises the fluid pressure to the
minimum level of the vapor pressure of the fluid that
corresponds to a predetermined process temperature. The
process temperature 1s determined according to the particu-
lar application or fluid process being performed 1n the fluid
processor. For example, 1f the fluid processor 1s used to
produce SWFI, the water must generally be heated to a
temperature greater than about 180° C., preferably greater
than about 250° C., to achieve rapid depyrogenation and
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sterilization. Once the process temperature 1s determined for
a particular application, the vapor pressure of the flmd and
the process operating pressure can be identified. The pump
1s selected based on the required pressures and flow rate
ranges. Preferably, the pump must not introduce any foreign
materials (e.g., lubricating o1l) into the tluid being pressur-
1zed. Examples of pumps that meet this criterion are pumps
employing diaphragms or magnetically coupled drives.

The processor assembly 20 can be any device or apparatus
for processing a fluid, wherein control over the pressure,
flow rate or temperature of the fluid being processed 1is
important. The temperature of the processor assembly 1is
controlled by heaters (e.g., electrical heaters, gas heaters) or,
alternatively, coolers (e.g., chillers). The processor assembly
may use multiple thermocouples as sensors for temperature

feedback.

As shown in FIG. 3, the process control system 22
comprises a flow splitter 26, a first flow restrictor 28, a
second flow restrictor 30 and a pressure relief valve 32. The
flow splitter 26 1s positioned downstream of the pump 24
and diverts a portion of the fluid from the pump towards the
first flow restrictor 28. The first flow restrictor 28, in turn,

sends the diverted fluid back to the fluid inlet 23. The
foregoing diversion of a portion of the fluid coming from the

pump forms a recirculating loop that controls the tflow rate
of the fluid 1n the fluid processor. Preferably, the tlow splitter
1s a RO or cross-tflow ultra/micro filtration device because
these devices ofler benefits not provided by an ordinary flow
splitter. An RO device typically operates at about a 70%
rejection ratio. This means that only about 30% of the
incoming fluid or feed stream 1s allowed to pass the mem-
brane as filtrate, while about 70% of the incoming fluid 1s
rejected as retentate. Since the performance of RO or
cross-flow ultra/micro filtration devices i1s enhanced by
increasing the shear rate of fluid at the surface of the
membrane or filter, 1t 1s desirable to maintain a high fluid
flow rate. Recirculating the reject stream (i.e., the retentate)
back into the flmid processor inlet 23 achieves a tlow rate in
the RO or cross-flow ultra/micro filtration device much
higher than 1t would be without the recirculation loop.
Another benefit of recirculating the reject stream 1s that as
the fluid passes through the pump head (not shown), the
temperature of the fluid rises due to friction forces and a
higher fluid temperature improves the performance of the
RO membranes.

Alternatively, evaporators (not shown) may be used as a
flow splitter. In this embodiment, the pressurized fluid
coming out of the pump 1s heated. As the heated tfluid enters
the evaporators, the pressure of the fluid 1s reduced so as to
flash evaporate a portion of the fluid. The vapor fraction
continues downstream to the processor assembly while the
liquad fraction 1s cooled and recirculated back into the flmd
processor inlet.

The pressure relief valve 32 1s interposed between the
flow splitter 26 and the first tlow restrictor 28. The pressure
relief valve 1s designed to open when the pressure of the
fluid 1n the recirculating loop reaches a specified pressure
and to close when the fluid pressure falls below the specified
pressure. Preferably, the pressure relief valve 1s an adjust-
able spring-loaded type pressure reliel valve. When the
pressure relief valve 32 1s open, fluid from the recirculating,
loop 1s diverted to a relief valve output 36 via a relief valve
drain (not shown). The pressure-reliel valve 32 1s mitially
adjusted (1.e., “tuned”) to the specified tluid pressure. Once
the pressure-reliel valve 1s tuned and the pressure-relief

5

10

15

20

25

30

35

40

45

50

55

60

65

10

valve stem (not shown) 1s locked, no further operator
interaction 1s needed during normal operation of the fluid
Processor.

The second flow restrictor 30 1s located downstream of
the processor assembly 20. The function of the second flow
restrictor 30 1s to maintain a backpressure within the fluid
processor. As the term 1s used herein, a “flow restrictor™ 1s
a conduit with a sudden or gradual change in 1ts internal
diameter such that the fluid flow through the conduit is
restricted. Each of the two flow restrictors 28 and 30 1s
designed so that their length and internal diameter create a
pressure differential. This pressure diflerential 1s based on a
specified fluid flow rate and viscosity, which, in turn, depend
on the particular tluid process being performed 1n the fluid
processor. Both or either of the flow restrictors may have
fixed or adjustable settings. Examples of suitable tflow
restrictors are fixed length capillary tubes, adjustable regu-
lating valves, and metering valves.

Referring to FIG. 3, when the fluid processor 1s 1n
operation, the pump 24 draws fluid from the fluid source 34
via the fluid imlet 23, pressurizes the fluid and sends 1t
downstream to the processor assembly 20 for processing.
The fluid that has been processed by the processor assembly
20 (1.e., product fluid) 1s then sent downstream to a fluid
output 38 for collection. The process control system 22
controls the pressure and flow rate of the fluid being pro-
cessed at various locations 1n the fluid processor, primarily
the pressure and flow rate of the fluid at a pump outlet 25,
the processor assembly 20, and a fluid outlet 37. The
pressure and flow rate of the fluid at the pump outlet 25 are
controlled by the combination of the flow splitter 26, the first
flow restrictor 28, and the pressure relief valve 32. The fluid
pressure and flow rate within the processor assembly 20 and
at the fluid processor outlet 37 are functions of the pump
outlet 25 and the settings of the pressure relief valve 32, tlow
splitter 26, and flow restrictors 28 and 30. Referring to FIG.
11A, a check valve 214 may be positioned immediately
upstream of a processor assembly 181. The purpose of the
check valve 1s to prevent fluid from flowing back upstream.
Additional check valves may also be positioned at other
locations for preventing the fluid from flowing back
upstream.

Unlike complex process control systems of the prior art
(see, e.g., FIG. 1), no flow rate or pressure sensors are used
for feedback control. Of course, although 1t 1s not required
by the present invention, flow rate or pressure sensors may
be used for process monitoring and quality assurance pur-
poses. A Turther advantage of the present invention over the
prior art 1s that the use of the combination of simple devices
(e.g., a flow splitter, flow restrictors) makes the process
control system of the present invention more reliable and
ellective compared to simple process control systems of the
prior art (see, e.g., FIG. 2).

In one embodiment of the present invention (see, FIGS. 3
and 4), the processor assembly comprises a heat exchanger
40, a reactor 42 and a heater 46. Generally, any heat
exchanger suitable for use 1n a fluid processor may be used.
However, 11 the fluid processor 1s to be used for producing
SWEFI, the heat exchanger must be of a type recommended
by FDA as suitable for use in SWFI production, e.g.,
double-tubesheet, tube-in-tube, and shell-and-tube type heat
exchangers. As discussed in more detail below, the heat
exchanger recovers thermal energy by exchanging heat
between a process tluid and a product fluid.

The heater 46 can be any type of heater suitable for use
in a tluid processor. Examples of suitable heaters are electric
heaters, gas-fired heaters, or hot gases or flmds generated
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from an external source such as the exhaust of a combustion
process or a hot fluid stream. The selection of which
particular heater to use depends on availability and the
requirements of the particular fluid process taking place in
the tluid processor. The heater 46 heats the reactor 42. The 5
reactor, 1n turn, heats the fluid flowing through the reactor
42. The temperature of the fluid 1s controlled by the heater
46, which, 1n turn, may be controlled by a simple tempera-
ture controller (not shown). Multiple thermocouples (not
shown) may be used as sensors to monitor temperature. 10
In operation, (see, FIGS. 3 and 4) the process fluid 1s
introduced 1nto the circumvallate side of the heat exchanger
40 (see, arrow A) where 1t 1s pre-heated by the product fluid
flowing 1n the opposite direction (1.e., counter-currently)
through the tube side of the heat exchanger (see below). 15
After passing through the circumvallate side of the heat
exchanger 40, the process fluid enters the reactor 42 (see,
arrow B) where 1t 1s heated by the heater 46 to the required
temperature for processing (1.e., the “processing tempera-

ture” or “process temperature”). The processed fluid (1.e., 20
“product tluid”) exits from the reactor (see, arrow C) and
enters the tube side of the heat exchanger 40 to be cooled by
the process tluid tlowing though the circumvallate side. The
product fluid then goes through the second flow restrictor
(see, arrow D) and exits the fluid processor at the fluid outlet 25
37.

In a preferred embodiment of the present mmvention the
processor assembly 1s a compact unit comprising a helical
coil tube-in-tube heat exchanger wherein the reactor and
heater (or, alternatively, a cooler) arranged 1n a nested 30
configuration similar to that of a Russian “matryoshka”™ doll
within the heat exchanger. Preferably, the reactor and the
heat exchanger are contained 1n a temperature homogenizer.
One version of the processor assembly of a preferred
embodiment of the present invention 1s shown in FIG. 5A. 35
In FIG. 5A, a reactor 80 and heaters 92 are contained within
a temperature homogenizer 82. The temperature homog-
enizer 82 1s, 1n turn, nested within a helical coil, tube-in-tube
type heat exchanger 96.

The reactor 80 comprises a series of hollow U-shaped 40
reactor tubes 81. The number of reactor tubes 1s determined
by fluid flow rate and reactor volume requirements. Gener-
ally, increasing the number of reactor tubes results 1n an
increased surface area available for heat transfer. One end of
cach reactor tube 81 1s connected to a hollow feed tube 83. 45
The feed tube 83 1s closed at one end and has an inlet 100
at the other end. The other end of each reactor tube 81 1is
connected to a hollow product tube 85. The product tube 1s
closed at one end and has an outlet 101 at the other end. The
reactor tubes 81, inlet tube 100 and product tube 101 are 50
tabricated using well-known methods 1n the industry (e.g.,
welding, casting) from materials that can hold the internal
fluid pressure, have relatively high thermal conductivity, and
which display high corrosion resistance to the process fluid
and product fluid under high temperature and high pressure. 55
A stainless steel or equivalent alloy of nickel, chromium,
and 1ron 1s preferred.

As shown in FIGS. SA and 5B, the temperature homog-
cnizer 82 1s “dimensioned” (1.e., sized, shaped, constructed,
and adapted) to enclose the heaters 92 and reactor 80 and to 60
allow the temperature homogemzer 82 to be nested within
the heat exchanger 96. The purpose of the temperature
homogenizer 82 1s to maximize the heat transifer to the
reactor by providing more well-contacted surfaces for heat
transier. At the same time, the temperature homogenizer 82 65
also maximizes the stability of the temperature of the flmd
within the reactor by acting as form of “thermal capacitor”,

12

1.¢., 1t protects the reactor 80 from the eflects of sudden
beating or cooling. The temperature homogenizer 82 shown
in FIGS. 5A and 5B 1s in the shape of a nght circular
cylinder. However, other suitable shapes may be used (e.g.,
obround or oval shapes) without departing from the spirit of
the present ivention.

The temperature homogenizer 82 consists of a multiplic-
ity of blocks 84 made of a metal having high thermal
conductivity, preferably copper, brass, or silver. The blocks
84 have reactor cavities 88 to contain the reactor 80 and also
heater cavities 90 to hold the heaters 92. The blocks 84 are
held together by fasteners 86 (e.g., screws) passing through
tastener holes 87 1n the blocks. The blocks 84 can be formed
by machining or casting a suitable metal. The number of
blocks 84 forming the temperature homogenizer 82 depends
on the number of reactor tubes 82 and the degree of need for
case of assembly and disassembly. Constructing the tem-
perature homogenizer 82 from blocks 84 makes 1t easy to
replace the reactor 84 by removing the fasteners 86 holding
the blocks 84 together. The heaters 92 are inserted into
heater holes 90. In FIG. 5A, electrical cartridge heaters 92
are shown. However, other suitable heaters may be used
without departing from the spirit of this mvention. Prefer-
ably, a multiplicity of heaters 1s used because increasing the
number of heaters results 1n better temperature distribution
in the temperature homogenizer. In an alternative embodi-
ment (not shown), the temperature homogenizer may be cast
as a single unitary structure with the reactor formed directly
into the temperature homogenizer 1itself rather being a sepa-
rate structure. When assembling together the reactor 80,
heaters 92 and temperature homogenizer 82, a high-tem-
perature thermally conductive sealing matenal (e.g., pow-
dered silver or copper formulated 1n a paste form) may be
applied to the contact surfaces for improved heat transier.

The temperature homogenizer 82 1s enclosed by a jacket
94. Preferably, the jacket completely covers the temperature
homogenizer. In FIGS. 5A and 5B the top and bottom of the
insulating jacket 94 has been cut away to provide a better
view ol the temperature homogemzer 82. The jacket 94 1s
made of an insulating material suitable for the temperatures
that will be produced when the fluid processor 1s operating.
Such materials are commercially available on the open
market. The purpose of the jacket 94 1s to minimize the heat
lost to the ambient. As used herein, the term “ambient” refers
to the air surrounding the processor assembly.

In operation (see, FIG. 5A), the process fluid enters the
annular side of the heat exchanger 96 (see, arrow E) at an
annular side inlet 98 and is pre-heated by the product fluid
flowing through the tube side of the heat exchanger 96. The
pre-heated process fluid exits the heat exchanger at an
annular side outlet 102 (see, arrow F) and 1s fed through a
reactor mlet 100 (see arrow ) into the reactor 80. The
process fluid 1s heated in the reactor 80 to the process
temperature by the heaters 92. The processed fluid or
product exits the reactor 80 at a reactor outlet 101 (see,
arrow H) and 1s fed through a tube side inlet 104 nto the
tube side (see, arrow 1) of the heat exchanger 96 where 1t 1s
cooled by the process fluid tlowing through the annular side.
The product fluid then exits the heat exchanger at a tube side
outlet 106 (see, arrow ).

Alternatively, the processor assembly of FIG. 5A may use
coolers (not shown) 1nstead of the heaters 92 1n a situation
wherein the fluid process requires cooling the fluid. In this
case, coolers instead of heaters are placed in the heater
cavities 90. In thus embodiment the process fluid 1s pre-
cooled as 1t passes through the heat exchanger 96 instead of
being pre-heated. Also, 1n this embodiment, the temperature
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homogenizer 82 maximizes the heat transfer to the cooler
from the reactor and maximizes the stability temperature of
the fluid using the same mechanism described above.

Instead of the single heat exchanger 96, another version of
the processor assembly of FIG. 5A uses a heat exchanger
assembly comprised of two or more helical coil tube-1n tube
heat exchangers stacked vertically on top of one another.
See, FIGS. 5C and 5D. The heat exchangers may be con-
nected together 1n series (see, FIG. 5C) or in parallel (see,
FIG. 5D) or a combination thereof. However, the processor
assemblies of FIGS. 5C and 5C still use the same reactor 80
and heaters 92 contained within the temperature homog-
cnizer 82 as that of the processor assembly of FIG. SA. The
actual number of the heat exchangers 1n the stack 1s deter-
mined by the height of each heat exchanger and the height
ol the reactor 80, heaters 92 and temperature homogenizer
82.

Referring to FIG. 5C, the heat exchanger assembly com-
prises a top heat exchanger 50, and a bottom heat exchanger
52 that are connected together 1n series. Both heat exchang-
ers are helical coil, tube-in-tube heat exchangers. The heater,
reactor and temperature homogenizer (not shown) are nested
within the second heat exchanger 52 1n the same manner as
described above with respect to the heat exchanger 96 of
FIG. 5A. In operation, the process tluid enters an annular
side inlet 44 (see, arrow T) of the top heat exchanger 50
where 1t 1s pre-heated by the product fluid counter-currently
flowing through the tube side. The process fluid exits via an
annular side outlet 48 and 1s carried by a first annular outlet
conduit 45 to an annular side inlet 49 of the bottom heat
exchanger 52. The process fluid flows through the annular
side of the bottom heat exchanger 52 where it 1s further
pre-heated by the product fluid counter-currently flowing
through the tube side. The process tluid exits the bottom heat
exchanger 52 via an annular side outlet 31 and is carrier by
a second annular outlet conduit 533 (see arrow T'") mto the
reactor (not shown) where 1s heated to the process tempera-
ture by the heater (not shown). The processed fluid or
product exits the reactor and 1s carried by a first tube nlet
conduit 55 to a tube side inlet 47 (see arrow U) of the bottom
heat exchanger 52. The product flows up the tube side of the
bottom heat exchanger wherein it 1s cooled by the process
fluid counter-currently flowing through the annular side. The
product exits the bottom heat exchanger at a tube side outlet
62 and 1s carried by a second tube 1nlet conduit 63 to a tube
side mnlet 64 of the top heat exchanger 50. The product
moves through the tube side of the top heat exchanger 50
wherein 1t 1s further cooled by the process fluid counter-
currently flowing through the annular side. The product exits
the top heat exchanger 50 at a tube side outlet 65 (see arrow
Uu).

Referring to FIG. 5D, the heat exchanger assembly com-
prises an upper heat exchanger 220 and a lower heat
exchanger 222. Both heat exchangers are helical coil, tube-
in-tube heat exchangers that are connected together in
parallel. The heater, reactor and temperature homogenizer
(not shown) are nested within the upper heat exchanger 220
in the same manner as described above with respect to the
heat exchanger 96 of FIG. 5. Alternatively the heater, reactor
and temperature homogenizer may be nested with lower heat
exchanger 222, or nested between both the upper heat
exchanger 220 and lower heat exchanger 222. In operation,
the process fluid 1s introduced 1nto the annular sides of heat
exchangers 220 and 222 (see, arrow V) through an annular
inlet conduit 224 that 1s connected to annular side inlets 226
and 226 of heat exchangers 220 and 222 respectively. The
process tluid 1s pre-heated by the product fluid counter
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currently flowing through the tube sides of heat exchangers
220 and 222. The pre-heated process fluid exits the heat
exchangers through annular side outlets 230 and 232 of heat
exchangers 220 and 222 respectively. An annular outlet
conduit 234 that 1s connected to annular side outlets 230 and
232 of heat exchangers 220 and 222 respectively carries the
pre-heated process fluid (see, arrow V') to the reactor (not
shown) where 1t 1s heated to the process temperature. The
product fluid exits the reactor (see, arrow W) and 1s intro-
duced 1nto the tube sides of both heat exchangers through a
tube inlet conduit 236 that 1s connected to tube side 1nlets
238 and 240 of heat exchangers 220 and 222 respectively.
The product fluid 1s cooled by the process fluid counter-
currently flowing through the annular sides of the heat
exchangers. The cooled product fluid exits both heat
exchangers (see arrow W') through a tube outlet conduit 246
that 1s connected to tube side outlets 242 and 244 of heat
exchangers 220 and 222 respectively.

Another version of the processor assembly of a fluid
processor embodying features of the present mvention 1s
shown 1n FIG. 6A. In this version, the processor assembly
comprises a heater 62 shaped 1n the form of a hollow tube,
a rod-shaped reactor 60, and a multiplicity of tube-in-tube
type heat exchangers 61 shaped in the form of “rug rope
coils”. The reactor 60 1s inserted into the heater 62. The
heater 62, 1n turn, 1s nested within the hollow space bounded
by the coils of heat exchangers 61 which are stacked
vertically on top of one another.

The reactor 62 1s fabricated using well-known methods 1n
the industry (e.g. welding, casting) from materials that can
hold the internal tluid pressure, have relatively high thermal
conductivity, and which display high corrosion resistance to
the process fluid under high temperature and high pressure.
A stainless steel or equivalent alloy of nickel, chromium,
and 1ron 1s preferred. The heater 62 1s selected from com-
mercially available cable heaters or band heaters. The reac-
tor 60 1s 1inserted 1nto the heater 62 to form a reactor-heater
assembly 66. The reactor-heater assembly 66, 1n turn, i1s
nested within the stacked heat exchangers 61 (see, FIG. 6B).
The number of the heat exchangers 61 in the stack is
determined by the diameter of the outer tubes of the heat
exchangers 61 and the height of the reactor-heater assembly
66. The heat exchangers 61 may be connected to each other
cither 1n parallel, 1n series or a combination of both as
described earlier above with respect to the heat exchanger
assemblies of FIGS. 5C and 5D.

FIG. 7 shows another version of the reactor-heater assem-
bly and the temperature homogenizer for use with the
processor assembly of FIGS. SA and 6A. In FIG. 7, the
reactor-heater assembly 113 comprises a reactor 108 in the
form of a hollow tube having an inlet 112, an outlet 114 and
a heater opening 115. The reactor 108 1s fabricated 1n the
same manner as the reactors previously described above. To
form the reactor-heater assembly 113, a cartridge type
clectrical heater 110 1s 1nserted into the heater opening 115
of the reactor 108 and 1s locked and sealed into place with
a compression fitting 117.

The temperature homogenizer 116 1s cast or machined
from the same materials previously described above and 1s
dimensioned to allow the temperature homogenizer 116 to
be nested within the coils of a coil-shaped heat exchanger.
The temperature homogenizer 116 1s formed in the shape of
a right circular cylinder. However, as stated previously
above, other suitable shapes may be used without departing
from the spirit of the present invention. A multiplicity of
cavities 118 extend through the temperature homogenizer.
These cavities 118 are for holding the reactor-heater assem-
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blies 113 within the temperature homogenizer. A jacket 119
of 1insulating material surrounds the sides temperature
homogenmizer 116. The jacket 1s made from a material
suitable for the temperatures that will be produced when the
fluid processor 1s operating. Such matenals are commer- 5
cially available on the open market.

The reactor-heater assembly 113 1s inserted into the cavity
118 so that the outlet 114 protrudes from the bottom of the
temperature homogenizer 116 and the inlet 112 protrudes
from the top of the temperature homogenizer. A multiplicity 10
of reactor-heater assemblies 113 1s contamned within the
temperature homogenizer 116. However, for simplicity, only
one reactor-heater assembly 1s shown in FIG. 7. The number
ol reactor-heater assemblies used depends on the overall size
ol the temperature homogenizer, the diameter of the reactor 15
108, and the diameter of the heater 110. The process tluid
enters the reactor 108 through the inlet 112 (see, arrow Y)
and 1s heated by the heater 110 to the process temperature.
The product exits the reactor 108 through the outlet 114 (see,
arrow Z.). 20

Another version of the processor assembly of a fluid
processor embodying features of the present mvention 1s
shown 1 FIG. 8A. In this arrangement, the processor
assembly comprises a gas-fire heater (not shown), a helical
coil, tube-in-tube heat exchanger 120, a helical coil-shaped 25
hollow tube reactor 122 and an insulated duct 124. The
reactor 122 1s fabricated 1n the same manner as the reactors
discussed above and 1s dimensioned to allow it to be nested
within the heat exchanger 120 but leaving suflicient space to
allow for air passages 130 and room for the reactor 122 and 30
heat exchanger 120 to expand. See, FIG. 8B. The nsulated
duct 124 1s made from an msulating material suitable for use
with the temperatures encountered when the fluid processor
1s 1n operation. Such maternals are commercially available
on the open market. Preferably, the duct 124 comprises a 35
support structure 123 fabricated from materials resistant to
high temperature oxidizing environments such as nickel,
chromium, or iron alloys, or ceramic materials. The structure
123, 1n turn, 1s covered by one or more layers 125 of the
insulating material. The duct 124 has a vent 126 at the top 40
and a hot gas inlet 128 at the bottom. Further, the duct 124
1s dimensioned to allow 1t to completely enclose the coils of
the heat exchanger 120 but still leave enough space to allow
for air passages 130 and also room to allow expansion of the
heat exchanger 120. See, FIG. 8B. 45

The reactor 122 1s nested within the heat exchanger 120.
The heat exchanger 120 1s, 1n turn, disposed within the
insulated duct 124. In operation (see, FIGS. 8B and 8C), a
high-temperature gas stream (arrow K) produced by the
gas-fire heater (not shown), or alternatively, some other 50
external heat source, enters the duct 124 through the hot gas
inlet 128 and moves upwards to the vent 126 through the air
passages 130. As shown in FIG. 8C, as the gas stream (arrow
K) goes up the air passages 130, it moves counter-currently
with the process fluid flow (arrow L) 1in the annular section 55
of the heat exchanger 120 and co-currently with the product
fluid tlow (arrow M) 1n the reactor 122. The counter-current
flow of the process fluid (arrow L) with respect to that of the
gas stream (arrow K) makes the heat exchange more eflicient
as compared to co-current flow. The co-current flow of the 60
product fluid (arrow M) with respect to that of the gas stream
(arrow K) raises the fluid temperature in the reactor as
quickly as possible and maintains the temperature relatively
constant along the reactor length.

The process fluid 1s mtroduced into the heat exchanger 65
120 at an annular side inlet 132 (see FIG. 8 A). As the process

fluid moves down the annular side of the heat exchanger 120
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it 1s pre-heated by the gas stream (arrow K) moving up
through the air passages 130 and by the product fluid moving
up the tube side of the heat exchanger 120. As shown by
arrow M', the process fluid exits the heat exchanger 120 at
an annular side outlet 121 and enters a reactor inlet 123. As
the process tluid moves through the coils of the reactor 122,
it 1s heated to the process temperature by the gas stream
(arrow K) moving up through the air passages 130. As
shown by arrow N, the processed fluid or product exits the
reactor 122 via a reactor outlet 134 and re-enters the heat
exchanger 120 through a tube side 1nlet 135. As it moves up
the tube side, the product fluid 1s cooled by the process tluid
flowing down the annular side of the heat exchanger 120.
The product fluid exits the heat exchanger 120 through a
tube side outlet 136.

FIG. 9 1s another version of the processor assembly of a
fluid processor embodying feature of the present invention.
The processor assembly comprises a heat exchanger 148 and
a reactor 146 which are the same as those of the processor
assembly of FIG. 8A. However, 1n this version the heat
exchanger 148 1s contained 1n an insulated enclosure 140
having an opening 141 only at the top. Further, the reactor
146 1s disposed within a hot gas tube 144 and the hot gas
tube 144 1s, 1n turn, nested within the heat exchanger 148.
The enclosure 140 1s fabricated 1n the same way as the duct
124 of the processor assembly 1n FIG. 8A. Preferably, the
enclosure 140 comprises a support structure 139 fabricated
from materials resistant to high temperature oxidizing envi-
ronments such as nickel, chromium, or iron alloys, or
ceramic materials. The structure 139, 1n turn, 1s covered by
one or more layers 143 of the insulating material. The
enclosure 1s dimensioned to allow 1t to completely enclose
the bottom of the heat exchanger and the sides of the heat
exchanger but still leave space for air passages 1351' and
room to allow for expansion of the heat exchanger 148. The
enclosure has an opening 141 at the top having a suflicient
s1ze to allow the heat exchanger 148 to be inserted into the
enclosure 140. The hot gas tube 144 has a tube inlet 150 at
the top and a tube outlet 152 at bottom. Preferably, the tube
144 comprises a support structure 145 fabricated from
materials resistant to high temperature oxidizing environ-
ments such as nickel, chromium, or 1ron alloys, or ceramic
matenals. The structure 145, 1n turn, 1s covered by one or
more layers 147 of the insulating matenal previously
described above. Further, the tube 144 1s dimensioned to
allow 1t to enclose the coils of the reactor 146 but still allow
room for air passages 151 and 151"

In operation, the process tluid and the product fluid move
through the processor assembly 1n the same manner
described above with respect to the processor assembly of
FIG. 8A. However, unlike the processor assembly of FIG.
8A, the hot gas stream (arrow 0) 1s itroduced through the
inlet 150 of the hot gas tube 144. The hot gas stream moves
down air passages 151 between the reactor 146 and hot gas
tube 144 (see, arrow P). The gas stream exits (see, arrow Q)
from the outlet 152 and moves upwards (see, arrow R)
through air passages 151' formed between the enclosure 140
and heat exchanger 148 and between the heat exchanger 148
and hot gas tube 144. The gas stream exits the processor
assembly (see, arrow R') via openings or vents 154 formed
by the spaces between the top edges of the enclosure 140 and
top of the heat exchanger 148 and the spaces between the top
of the heat exchanger 148 and top of the hot gas tube 144.

Using the nested configurations described above, a mini-
mum amount of energy 1s necessary to change the tempera-
ture of a fluid continuously flowing through the reactor and
heat exchangers. The nested configurations of the processor
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assemblies described above place the hottest (i.e., a heater)
or the coldest (1.e., a cooler) component in the center,
thereby reducing ambient heat loss or heat gain respectively.
As such, the nested configurations of the processor assem-
blies described above would be more eflicient than a pro-
cessor assembly whose components, e.g., the heat exchanger
heater and reactor, are not nested together or have been
individually insulated. In addition to requiring less energy to
operate, the preferred embodiments of the mmvention use
FDA recommended tube-in-tube heat exchangers. "

['hus,
batch validation of the SWFI product 1s not required. This 1s
in contrast to other fluid processors for making SWFI that do
not use FDA recommended heat exchangers (e.g., plate and
frame heat exchangers) which require batch validation for
SWEI production.

Another aspect of the present invention 1s a treatment
assembly comprising a variety of combinations of {filters,
reverse osmosis and 1on exchange devices acting 1n con-
junction with the processor assembly to achieve a product
quality that meets specific requirements. In a preferred
embodiment of the present invention (see, FIG. 1A), the
treatment assembly 200 comprises a combination of a pre-
filter 202 (e.g., an activated carbon filter), a reverse osmosis
(RO) device 204, and an 1on exchange (DI) 206 device
which are all disposed upstream of the processor assembly.
The combination of the last two devices 1s known as RODI,
hereafter “RODI apparatus”. The RO device 302 may be
disposed immediately upstream of the DI device 304 (see,
FIG. 12A) or immediately downstream of the DI device 304
(see, FIG. 12B). Referring to FIG. 11A, as previously
discussed above, the RO device 204 may also function as the
flow splitter 204 (see above) of the process control system
210. Additional filters may also be placed at other locations
in the fluud processor. The treatment assembly removes
suspended and dissolved solids, oxidizable substances, and
dissolved gases from the fluid when such a step 1s required
in order to produce a particular product fluid (e.g., SWFI).
In addition, the removal of the foregoing materials from the
fluid ensures that fouling 1n the fluid processor 1s minimized.
In an alternative embodiment, the treatment assembly com-
prises only the prefilter 300 and the RO device 302 wherein
the RO device 306 1s disposed downstream of the processor
assembly 306 (see, FIG. 12E) or upstream of the processor
assembly (see, FIG. 12F). In further alternative embodi-
ments, the RO device 302 (see, FIG. 12C) or both the RO
device 302 and the DI device 304 (see, FIG. 12D) may be
disposed downstream of the processor assembly 306.

A Turther aspect of the present invention 1s a sanitization
assembly for the in situ sanitization during start-up and
shutdown of the fluid processor. See, FIGS. 10A to 11B. For
simplicity, the process control system is not shown in FIGS.
10A, 10B and 11B. The sanitization assembly comprises an
isolation valve 168, a drain valve 190 (see, FIG. 11 A and B),
and a start-up loop (see, FIGS. 10A and 10B) comprised of
a start-up loop tlow restrictor 160 and a four-way valve 162
having a startup position and a normal position. Referring to
FIG. 10A and 10B, the isolation valve 184 1s located
downstream of a fluid source 166 and upstream of the pump
170 and allows for 1solating the system from the fluid source
166. The drain valve 190 (see, FIG. 11A and 11B) 1s located
upstream of the processor assembly 181 and at the lowest
point of the fluid processor. The drain valve allows for
draining tfluid from the system. The startup flow restrictor
160 (see, FIGS. 10A and 10B) controls the flow rate through
the startup loop. The startup flow restrictor 160 1s located
immediately downstream of the 1solation valve 184 along a
first fluid path that 1s separate from but running parallel to a
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second fluid path going from the i1solation valve 184 to the
pump 170. The four way valve 162 1s disposed downstream
of the flow restrictor 160 and the pump 170.

The four-way valve 162 has a first connection for rece1v-
ing fluid from the startup flow restrictor 160, a second
connection for directing fluid from the startup tlow restrictor
directly to a reactor 172, a third connection for receiving
fluid from the pump 170, and a fourth connection for
directing the fluid from the pump to the heat exchanger 174.
In the startup position (see, FIG. 10A), the four way valve
162 directs the fluid from the startup tlow restrictor 160 to
the reactor 172 through the first and second connection. In
the normal position (see, FIG. 10B), the four-way valve
directs fluid from the pump 170 to the heat exchanger 174
through the third and fourth connection.

For sanitization during startup, a fluid inlet 164 1s con-
nected to the fluid source 166 which has a minimum line
pressure of not less than about 10 psia and not greater than
about 800 psia (e.g. a tap water line). The four-way valve
162 1s then switched to 1ts start-up position and the 1solation
valve 184 1s opened. Instead of activating the pump 170, the
fluid 1s driven by line pressure to enter the reactor 172 at a
small tlow rate that 1s regulated by the start-up loop flow
restrictor 160. A heater 176 1s switched on and, as the reactor
172 heats up, steam 1s generated for sterilizing the system.
This steam goes through the inner side of the heat exchanger
174 and flows downstream of the processor assembly to
exits at a fluid outlet 178. After steam has gone through the
fluid outlet 178 for a period of time suthicient to sterilize the
system, the four-way valve 162 1s switched to its normal
position (see, FIG. 10B). The pump 170 1s then turned on
and the fluid processor 1s allowed to stabilize at the desired
temperature and pressure for period of time before product
1s collected from the fluid outlet 178.

The sterilization procedure during shutdown 1s as follows.
See FIGS. 11A and 11B. The pump 180 and heater 182 are
turned ofl. The 1solation valve 184 from the fluid source 186
to the system 1s turned ofl. As the fluid in the fluid processor
components that are downstream of the reactor 186 1is
expelled through the fluid outlet 188 by the pressure of the
steam generated by the residual heat of the reactor 186, the
drain valve 190 1s opened to discharge fluid in the fluid
processor components that are upstream of the processor
assembly 181 (see, arrow S). After the fluid ceases to tlow
from the fluid outlet 188, a bag 194 (or, alternatively, a
syringe) contaiming a suflicient amount of sterile solution 1s
connected to fluid outlet 188, and the drain valve 190 1s
closed. See, FIG. 11B. For simplicity, the components of the
process control system 210 and treatment assembly 200 of
FIG. 11A are not shown in FIG. 11B. Examples of suitable
sterile solutions are a greater than about 50% aqueous
solution of 1sopropyl alcohol or a dilute hydrogen peroxide
solution. As the system cools down and the steam within the
fluad processor condenses, a partial vacuum 1s created which
causes the sterile solution 1n the bag 194 to be drawn 1nto the
fluid processor to fill up the internal volume of the system.
The bag 194 1s left on the fluid output 188 while the tluid
processor 1s stored away until the next use. Referring to FIG.
11B, an alternative approach (shown 1n dotted line) 1s to use
a filter 194 (e.g., a HEPA filter) to end cap the fluid output
188. The filter allows air to pass through and functions as a
barrier to prevent any airborne contaminants from getting
into the system.

In a further aspect of the present invention, the fluid
processor has an electronic control system to provide opera-
tor input and to make i1t convenient for an untrained person
to operate the fluid processor. The electronic control system
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comprises an operator mtertace (e.g., a touch screen liquud
crystal display or LCD) for providing readouts and operator
input connected to a programmable logic controller (“PLC”)
that manages the electronic control system. The PLC com-
prises a central processing unit and a main circuit control 3
and may be interfaced with temperature sensors, pressure
sensors, a temperature controller (e.g., a heater or cooler
control), a pump controller and other similar sensors and
controllers that are connected to or located in the fluid
processor. The PLC can be programmed for specific appli- 10
cations such as turning on/turning oil the heater, cooler, or
pump when a target temperature and/or pressure are reached.
The main control circuit has a temperature feedback circuit
that turns ofl the heater or cooler 1 an over-temperature or
under-temperature condition 1s detected by the sensors. 15
Similarly, the pump 1s turned off 1f an over-pressure condi-
tion 1s detected by the sensors. The control system can also
include error switches that detect various error conditions.
Upon an error condition being detected, the pump and/or the
heater or cooler are shut down and instructions for service or 20
troubleshooting are displayed at the touch screen interface.

One version of the electronic control system of a fluid
processor embodying features of the present mvention 1s
shown 1s FIG. 13. The electronic control system comprises
an LCD touch screen device 348 interfaced with a PLC 346. 25
The PLC 1s interfaced via a circuit 352 with the following
devices: a first, second and third pressure transducer 356,
358 and 360; an 1solation valve solenoid 362; a three-way
valve solenoid 366; a first, second, third and fourth tem-
perature sensors 402, 404, 406 and 408; an endotoxin sensor 30
410" having a signal conditioner 410, a conductivity meter
412 having a conductivity cell 412'; and a tlow meter 414
having a flow sensor 414"

In operation, the 1solation valve solenoid 362 opens an
isolation valve 364 to allow a pump 380 which 1s operated 35
by a pump motor 378 to draw and pressurize the fluid from
a fluid source through the 1solation valve 364 and a first filter
370 (1.e., a prefilter). From the pump 380, the tluid passes
through a RODI apparatus comprising a reverse 0Smosis
device 384 and an 1on exchange device 386. The reverse 40
osmosis device 384 also functions as a flow splitter and
diverts a portion of the fluid from the pump 380 to form a
recirculation loop flowing through a pressure relief valve
391 and a first flow restrictor 396. The undiverted portion of
the fluid goes through a second filter 372 and enters a heat 45
exchanger 416 via an annular side inlet 424 where 1t 1s
pre-heated by fluid counter-currently flowing through the
tube side. The pre-heated tluid exits the heat exchanger 416
at a tube side outlet 426 and enters a reactor 418 that is
contained within a temperature homogenizer 420. A heater 50
422 connected to a power supply via a power line 350 heats
the fluid 1n the reactor 418 to the process temperature.

Pressure transducers 356, 358, and 360 and temperature
sensors 402, 404, 406 and 408 located at various points of
the fluid processor respectively measure the pressure and 55
temperature of the fluid and send their readings to the PLC
346 via the circuit 352. Check valves 388 and 390 prevent
any tluid from flowing back upstream. Further, second and
third pressure relief valves 392 and 394 provide added safety
by opening up when the pressure of the fluid exceeds a 60
certain level. When pressure relief valves 391, 392, and 394
open, the flmd from these valves tlows to a reject outlet via
a reject line 600 for disposal. Any fluid from a drain valve
400 also flows to the reject outlet.

From the reactor 418, the processed fluid (i.e. product 65
fluid) re-enters the heat exchanger 416 via a tube side 1nlet
428 and 1s cooled by the fluid counter-currently flowing 1n
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the annular side. The product fluid exits the heat exchanger
416 at a tube side outlet 430 and passes through a third filter
374 and a second flow restrictor 398. A portion of the
product fluid from the second flow restrictor 1s diverted to
pass through an endotoxin sensor 410' so that the endotoxin
level of product fluid can be measured and the endotoxin
level readings are sent to the PLC 348 wvia the signal
conditioner 410 and circuit 352. The product fluid then
passes through a three-way valve 368 and 1s collected at a
product outlet.

IT 1t 1s desired to measure the tflow rate of the processed
fluid coming from the reactor or to measure its conductivity,
the flow of the product fluid 1s diverted from the product
outlet so as to flow along a divert line. In the embodiment
shown 1 FIG. 13, the three-way valve solenoid 366 acti-
vates the three-way valve 368 to divert the product fluid
from the product outlet to the reject outlet through a divert
line 606 flowing from the three-way valve 368 to the reject
outlet. It 1s to be understood, however, that diverting the
product fluid from the product outlet to the divert line by
means or devices other than using a three-way valve 1s
within the spirit of the present invention. As the product fluid
flows along the divert path, the conductivity meter 412 and
flow meter 414 respectively measure tlow rate and conduc-
tivity of the product fluid as the product tluid passes through
the conductivity cell 412' and a flow sensor 414' which are
disposed along the divert line. The readings of the conduc-
tivity meter 412 and flow meter 414 are then sent through the
circuit 352 to the PLC 346. Alternatively, the endotoxin
sensor 410" may also be disposed along the divert line.

In an alternative embodiment (not shown), the endotoxin
sensor 410', the flow sensor 414' or the conductivity cell 412
or any two or all three of the foregoing devices may be
disposed along a fluid path flowing downstream from the
processor assembly to the product outlet, hereafter, a “prod-
uct line”. In a further alternative embodiment (not shown)
the endotoxin sensor 410', the flow sensor 414' or the
conductivity cell 412' or any two or all three of the foregoing
devices may be disposed along a tflow path tflowing down-
stream from the processor assembly and running parallel to
the product line, hereafter a “discharge line”.

A specific application of the preferred embodiment of the
present invention 1s the production of SWFI from water (1.¢.
“feed water”). Referring to FIGS. 3 and 4, in producing
SWEFI, the pressure relief valve 32 1s adjusted to a setting,
which, 1n combination with the pump output pressure and
the settings of the flow restrictors 28 and 30, will produce a
pressure 1n the processor assembly 20 that will allow the
feed water to be heated to a temperature well above its
normal boiling point without causing surface boiling which
may destabilize the process and more critically demand
higher energy input. Surface boiling refers to boiling at the
heating surface on a microscopic level as opposed to the
boiling in the bulk phase. Surface boiling 1s avoided
because, although heating the feed water results in phase
change (1.e., liquid to gas) of the feed water at the gas-liquid
interface, the process control system (see below) maintains
the pressure of the feed water at or near the saturation point
of the feed water for given temperature. Thus, the phase
change of the water 1s rapidly quenched by the bulk (i.e.
liquid) phase of the water.

The feed water must remain 1n the reactor 40 for a period
of time (1.e. “holding time”) suflicient to depyrogenate and
sterilize the water. The holding time required 1s a function of
the highest temperature that water reaches. Obviously, the
highest temperature occurs 1n the reactor 40, which 1s heated
by the heater 46. The higher the water temperature, the less
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holding time 1s required. Examples of the temperature and
time correlation for depyrogenation can be found 1n U.S.
Pat. No. 6,585,890 to L1 et al., “Process for Producing Sterile
Water for Injection from Potable Water”, which 1s incorpo-
rated herein by reference. Since depyrogenation requires
higher temperature and/or longer time than sterilization, a
temperature/time correlation established for depyrogenation
should suflice for sterilization of water. Typically, in depy-
rogenation, for a given fluid processor the volume of the
reactor 1s selected to accommodate a desired fluid through-
put, which in turn 1s determined by survival curves. Survival
curves are graphs wherein the logarithm of pyrogen con-
centration 1s plotted against holding time for each given
temperature. Since the average holding time equals the
volume of the reactor divided by the volumetric flow rate of
the fluid, the process control system, by controlling the
density (1.e., temperature and pressure) of the feed water,
ensures that the appropriate holding time required for reduc-
ing the pyrogen concentration of the feed water to the
desired level 1s met.

The present invention allows for the continuous produc-
tion of SWFI that meets the requirements contained in the
United States Pharmacopoeia XXIV and FDA regulations.
Specifically, the treatment of the feed water by the treatment
assembly ensures that the final product meets regulatory
requirements for SWFI as to removal of particulate matter,
oxidizable substances, dissolved gases, metals and electro-
lytes. As for depyrogenation and sterilization requirements,
these are met by HTP treatment of the feed water. Moreover,
since the processor assembly processes feed water at high
temperatures, this results in extremely short treatment times
required for sterilization and depyrogenation.

The present invention provides an apparatus and method
for process control that 1s suitable for the depyrogenation
and production of SWEFI using a hydrothermal process.
Depyrogenation of water using the present invention does
not require depyrogenation agents. The HTP treatment
destroys pyrogens by high-temperature heat instead of
simple physical separations as 1n filtration and distillation
methods. Also, the use of a combination of simple devices
such as flows restrictors and a compact arrangement of heat
exchangers and reactors allows for a compact, reliable flmd
processor having low energy requirements. Further, the
present mvention includes a sanitization assembly and
method that makes the fluid processor easy to maintain and
operate. Thus, the present invention obtains a fluid processor
that 1s well suited for use under field conditions. Although
the invention has been described with reference to preferred
embodiments, 1t will be appreciated by one of ordinary skill
in the art that numerous modifications are possible 1n light
of the above disclosure. For example, although the preferred
embodiments of the present invention relates to a flud
processor for producing SWFI, the concepts of this inven-
tion may be may find a broad range of applications in
systems and apparatus that have processing requirements
similar to the production of SWFI or which require control
and/or stabilization of a fluid process.

What 1s claimed 1s:

1. A fluid processor comprising:

a pump for drawing a fluid from a fluid source through a
fluid 1nlet and pressurizing the fluid;

a processor assembly for processing the fluid from the
pump, the processor assembly comprising:
a heat exchanger for recovering thermal energy;
a reactor for processing a tluid by heating:
and a heater for heating the reactor;
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a process control system comprising: a tlow splitter
disposed between the pump and the processor assembly
for diverting a portion of the fluid from the pump, a first
flow restrictor for receiving the diverted fluid and
directing the diverted fluid to the fluid inlet, a pressure
reliefl valve disposed between the first flow restrictor
and the flow splitter, and a second flow restrictor
disposed downstream of the processor assembly,
wherein the flow splitter, first flow restrictor, second
flow restrictor and pressure relief valve are constructed
and arranged to coact with each other to control the
pressure and tlow rate of the tluid 1n the fluid processor;

a sanitization assembly comprising:
an 1solation valve disposed immediately downstream of

the fluid 1nlet

a drain valve disposed at the lowest point of the tfluid
processor and between the pump and the processor
assembly; and

a startup loop assembly comprising:

a first fluid path running from the 1solation valve to
the reactor;

a second fluid path running from the 1solation valve
to the pump;

a startup tlow restrictor disposed immediately down-
stream of the 1solation valve and positioned along
the first fluid path; and

a four-way valve disposed immediately downstream
of the startup flow restrictor and the pump, the
four-way valve-having
a lirst connection for receiving fluid from the

startup flow restrictor,
a second connection for directing fluid from the
startup flow restrictor to the reactor,
a third connection for recerving fluid from the
pump, and
a Tourth connection for directing the fluid from the
pump to the heat exchanger, and further,
wherein the four-way valve has a startup position
for directing fluid from the startup tlow restric-
tor to the reactor through the first and second
connection and a normal position for directing
the fluid from the pump to the heat exchanger
through the third and fourth connection.
2. The fluid processor of claim 1, wherein startup flow
restrictor 1s a fixed setting flow restrictor.
3. The fluid processor of claim 1, wherein the startup flow
restrictor 1s an adjustable setting flow restrictor.
4. A method for sanitizing the tluid processor of claim 1
during startup, the method comprising:
connecting the fluid inlet to the fluid source wherein the
fluid source has a line pressure of not less than about 10
psia and not greater than about 800 psia,
switching the four-way valve to the startup position;
opening the 1solation valve;
introducing fluid to the tfluid processor at line pressure;
switching on the heater;
allowing steam generated by the heater to tlow down-
stream of the reactor and exit at a fluid outlet; and
switching the four-way valve to the normal position.
5. A method for sanitizing the tfluid processor of claim 1
during shutdown and storage, the method comprising:
turning oil the pump and heater;
closing the 1solation valve;
allowing residual heat of the reactor to produce steam
from the fluid 1n the processor assembly;
allowing the steam to generate a pressure in the processor
assembly;
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allowing the pressure to expel the tluid that 1s downstream
of the processor assembly out through a fluid outlet;

opening the drain valve to discharge the fluid that 1s
upstream of the processor assembly;

attaching a closure means to the fluid outlet when fluid
ceases to flow from the fluid outlet and

closing the drain valve when the fluid ceases to flow from
the drain valve.

6. The method of claim 5, wherein the closure means 1s a
container holding a sterile solution.

7. The method of claim 5, wherein the closure means 1s a
filter.

8. The flmd processor of claim 1, wherein the heat
exchanger 1s a shell-and-tube heat exchanger and further,
wherein a process fluid flows through a shell side of the heat
exchanger and a product fluid flows through a tube side of
the heat exchanger.

9. The flmd processor of claiam 1, wherein the heat
exchanger 1s a tube-in-tube heat exchanger and {further,
wherein a process fluid tlows through an annular side of the
heat exchanger and a product fluid flows through a tube side
of the heat exchanger.

10. The fluid processor of claim 9, wherein the heat
exchanger 1s a helical coil tube-in-tube heat exchanger.

11. The fluid processor of claim 10, wherein the reactor
and the heater are nested within the heat exchanger.

12. The fluid processor of claim 11, wherein the reactor
and the heater are disposed within a temperature homog-
enizer.

13. The fluid processor of claim 12, wherein the tempera-
ture homogemzer comprises a multiplicity of blocks, the
blocks being joined together by fasteners.

14. The fluid processor of claim 12, wherein the tempera-
ture homogenizer 1s a unitary structure produced by casting,
and further, wherein the reactor 1s formed as an integral pan
of the temperature homogenizer.

15. The fluid processor of claim 12, wherein the tempera-
ture homogenizer 1s enclosed by an insulation jacket.

16. A fluid processor comprising;

a pump for drawing a fluid from a fluid source through a

fluad 1nlet and pressurizing the tluid;

a processor assembly comprising a fluid heater for heating
the fluid from the pump;

a process control system comprising: a flow splitter
disposed between the pump and the processor assembly
for diverting a portion of the fluid from the pump, a first
flow restrictor for receiving the diverted fluid and
directing the diverted fluid to the fluid inlet, a first
pressure relief valve disposed between the first tlow
restrictor and the flow splitter, a second pressure relief
valve disposed between an upstream side of the pro-
cessor assembly and a downstream side of the flow
splitter and a second flow restrictor disposed down-
stream of the processor assembly,

wherein the flow splitter, flaw restrictors and pressure
relief valves are constructed and arranged to coact with
cach other to control the pressure and flow rate of the
fluid 1n the fluid processor.

17. The tfluid processor of claim 16, wherein the process
control system maintains the pressure of the fluid 1n the
processor assembly at least about the saturation point of the
fluid at a predetermined temperature.

18. The fluid processor of claam 16, wherein the flow
splitter 1s a filtration device.

19. The fluid processor of claam 16, wherein the flow
splitter 1s a reverse osmosis device.
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20. The fluid processor of claim 16, wherein at least one
flow restrictor 1s a fixed setting tlow restrictor.

21. The fluid processor of claim 20, wherein the fixed
setting flow restrictor 1s a fixed length capillary tube.

22. The fluid processor of claim 16, wherein at least one
flow restrictor 1s an adjustable setting tlow restrictor.

23. The fluid processor of claim 22, wherein the adjust-
able setting tlow restrictor 1s a metering valve.

24. The tluid processor of claim 16, wherein at least one
pressure relief valve 1s a spring-loaded adjustable pressure
relief valve.

25. The fluid processor of claim 16, wherein the fluid
processor further comprises a check wvalve disposed
upstream of the processor assembly.

26. The fluid processor of claim 16, further comprising a
treatment assembly comprising a prefilter disposed upstream
of the processor assembly.

277. The fluid processor of claim 26, wherein the treatment
assembly further comprises a reverse osmosis device dis-
posed downstream of the prefilter.

28. The fluid processor of claim 26, wherein the treatment
assembly further comprises a RODI apparatus disposed
between the prefilter and the processor assembly, the RODI
apparatus comprising a reverse osmosis device and an 1on
exchange device.

29. The fluid processor of claim 26, wherein the treatment
assembly further comprises a RODI apparatus disposed
downstream of the processor assembly, the RODI apparatus
comprising a reverse osmosis device and an 1on exchange
device.

30. The fluid processor of claim 26, wherein the treatment
assembly further comprises a RODI apparatus comprising:
an 1on exchange device disposed between the prefilter and
processor assembly; and a reverse osmosis device disposed
downstream of the processor assembly.

31. The flmd processor of claim 16, wherein fluid pro-
cessor processes feed water to produce sterile water for
injection.

32. The fluid processor of claim 16, further comprising:

a temperature sensor for measuring the temperature of the
fluid 1n the processor assembly; and

a controller for controlling the fluid heater.

33. The flud processor of claim 16, further comprising an
clectronic control system for controlling the fluid processor,
the electronic control system comprising:

a touch screen interface for providing readouts and opera-
tor mput; and

a programmable logic controller for managing the elec-
tronic control system, the programmable logic control-
ler comprising a main control circuit and a central
processing unit and further, wherein the programmable
logic controller 1s interfaced with a temperature sensor,
a pressure transducer, a controller for controlling the
fluad heater, and a pump controller.

34. The flmd processor of claim 33, wherein the program-
mable logic controller 1s further interfaced with an endot-
oxin sensor having a signal conditioner, a flow rate meter
having a flow sensor, and a conductivity meter having a
conductivity cell.

35. The tluid processor of claim 34, wherein the endotoxin
sensor, flow sensor and conductivity cell are disposed down-
stream of the processor assembly along a discharge line.

36. The fluid processor of claim 34, wherein the flow
sensor and conductivity cell are disposed downstream of the
processor assembly along a divert line.
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37. The fluid processor of claim 34, wherein the endotoxin
sensor, flow sensor and conductivity cell are disposed along
a divert line.

38. The fluid processor of claim 34, wherein the endotoxin
sensor 1s disposed along a sampling line.

39. The fluid processor of claim 16, wherein the heater 1s
a hot gas heater and further, wherein the processor assembly
turther comprises:

a helical coi1l tube-in-tube heat exchanger for exchanging

heat between a process tluid and a product fluid; and

a helical coil-shaped reactor nested within the heat

exchanger.

40. The tluid processor of claim 39, wherein the processor
assembly further comprises an insulated duct having a hot
gas inlet at one end and a vent at the other end and further,
wherein the heat exchanger 1s disposed within the 1nsulated
duct.

41. The fluid processor of claim 39, wherein the processor
assembly further comprises a hot gas tube and an 1nsulated
enclosure having an opening at the top and further, wherein
the heat exchanger 1s disposed within the enclosure and the
reactor 1s disposed within the hot gas tube and further,
wherein the hot gas tube 1s nested within the heat exchanger.

42. The fluid processor of claim 16, wherein the processor
assembly further comprises a multiplicity of heat exchangers
for exchanging heat between a process fluid and a product
fluad.

43. The tfluid processor of claim 42, wherein at least two
heat exchangers are connected together in parallel.
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44. The flmd processor of claim 42, wherein at least two
heat exchangers are connected together 1n series.

45. The tfluid processor of claim 42, wherein at least one
heat exchanger 1s a tube-in-tube type heat exchanger.

46. The fluid processor of claim 42, wherein at least one
heat exchanger i1s a helical coil tube-in-tube type heat
exchanger.

4'7. The tluid processor of claim 42, wherein at least one
heat exchanger 1s a rope rug coil tube-in-tube heat
exchanger.

48. The fluid processor of claim 16 further comprising:

a temperature sensor for measuring the temperature of the
fluid upstream of the processor assembly.

49. The fluid processor of claim 16 further comprising:

a temperature sensor for measuring the temperature of the
fluid downstream of the processor assembly.

50. The fluid processor of claim 16 further comprising:

a pressure sensor for measuring the pressure of the tluid
upstream of the processor assembly.

51. The fluid processor of claim 16 further comprising:

a pressure sensor for measuring the pressure of the tluid
downstream of the processor assembly.

52. The flmd processor of claim 16, wherein the process
control system further comprises a third pressure relief valve
disposed downstream of the second flow restrictor.
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